Minimum audible angles (MAAs) were estimated for single noise bursts, and for burst pairs that satisfied the conditions of the precedence effect (that is, produced fused images). In one burst-pair condition, the bursts to be discriminated differed in lead location; in the other, they differed in lag location. Sounds were presented over loudspeakers. MAAs were lowest for single bursts, slightly higher for lead discrimination, and much higher for lag discrimination. Presence of a standard reference burst had no reliable effect on performance. The data are interpreted using a model of 
INTRODUCTION
in a normal reverberant environment, sound arrives at the ears by more than one wavefront, that is, both directly and via echoes that are delayed in time. In the simplest such situation, two wavefronts separated by a brief delay arrive from different locations in space. For delays of a few ms, the echo is not perceived as a separate sound; rather, listeners experience one auditory image whose location is heavily dominated by the position of the earlier wavefront. This finding is called the "law of the first wavefront," or the "precedence effect" (Wallach et at, 1949; Zurek, 1987) . It is wellknown, however, that echoes have perceptual effects, even when they are not resolvable as separate auditory events. Listeners have little difficulty distinguishing trials on which the lagging wavefront is present from those on which it is absent (Blauert, 1983; Saberi and Perton, 1990 ). Echoes add a richness and loudness to the sound (Blauert, 1983) , and they do influence its perceived location (Hartmann, 1983 ; Hartmann, 1985, 1986; Perrott et al., 1989) . The location effect is the focus of the present study.
The relative contribution of the leading and lagging components to the perceived location of the fused sound has often been explored by simulating the precedence effect under headphone conditions. Each ear receives a pair of sounds, corresponding to direct and echoed wavefronts of a single auditory event. The two most important paradigms have been discrimination, in which the stimuli to be distinguished are designed to differ in the lateralization of the auditory image (Gaskell, 1983 free-field result: Lateralization of the compound (lead-lag) stimulus depends primarily but not solely on information from the first-arriving wavefront. For example, Zurek (1980) found in a pointing task that subjects matched the auditory image with an interaural delay similar to that of the leading stimulus, but somewhat displaced toward the lagging stimulus.
In the present study we measured the perceptual contribution of the lagging wavefront in a sound-deadened room using a discrimination paradigm. We estimated the minimum audible angle, or MAA (Mills, 1958) , the smallest lateral difference in the position of a sound that listeners can detect reliably. Figure 1 illustrates the three conditions we used. In the single-burst condition, a sound was presented to one of two loudspeakers (R or L) to the right or left of a middle reference azimuth (M). The other two conditions extended the task to precedence-effect burst pairs: In lead discrimination, the leading signal was presented from either the left or the right, the lagging signal from the middle. In lag discrimination, the complementary task, the leading sound was presented from the middle, the lagging signal from the left or right. Lag discrimination thresholds have been found to be higher than those for single signals (Perrott eta!., 1989); lead discrimination has not, to our knowledge, been measured previously.
We manipulated two variables that we thought might affect the difficulty of the MAA task: Azimuth and the presence of a standard. With single bursts, performance is best when the central location (M in Fig. 1) is midline, and declines as the azimuth of M increases (Bronkhorst, 1993; Mills, 1958) . To our knowledge, MAAs for precedenceeffect stimuli have not been measured off midline. In the present study, we used both midline and off-midline positions for all stimulus types.
In most MAA studies, the right or left comparison stimulus is preceded by a standard stimulus presented at a middle location. In the only study to evaluate the effect of such a standard, Hartmann and Rakerd (1989) found that it provided no benefit to listeners discriminating single-click stimuli at 0 ø azimuth. We speculated that this finding might 
A. Subjects
Four subjects participated in the experiment. Three (two males, one female) were undergraduate students aged 19-21 who had worked as research assistants in similar experiments; the fourth was a middle-aged author (NAM). All subjects except NAM had pure-tone air-conduction detection thresholds less than or equal to 15 dB HL {re: ANSI, 1969) at 0.25, 0.5, 1.0, 2.0, 4.0, 6.0, and 8.0 kHz, and had no more than 10 dB difference between the two ears at any of the test frequencies; NAM's threshold at 8.0 kHz was 25 dB HL. Although all subjects were somewhat familiar with research on spatial hearing, only NAM was aware of the experimental hypotheses. The subjects and both authors served as experimenters.
B. Apparatus
The study was conducted in a 3.5 mX4.0 m sounddeadened room; for a description, see Ashmead et al. (1987) . Three matched loudspeakers (Radio Shack model Minimus-7) were suspended from an apparatus that covered 110 ø of a 1.65-m radius circle. Each loudspeaker was 10 cm (4 ø) wide and 18 cm (7 ø) high. One loudspeaker was always placed at the middle of the arc, the other two at equal distances to the left and right. For trials on which the left and right loudspeakers were less than 4 ø from the middle, they were suspended 4 ø below the middle loudspeaker.
The subjects were seated at the center of the circle defined by the arc containing the loudspeakers. They faced the apparatus, which was covered by a dark curtain to hide the loudspeakers. Loudspeaker locations were changed manually between trials.
C. Stimuli and trial sequence
Stimuli were 6-ms wideband (500 to 8500 Hz) noise bursts with 2-ms rise-fall times. They were computer generated with 16-bit precision, converted to analog form at 20 kHz (TI'ES-QDA1), low-pass filtered at 8500 Hz (TTEJ1390), and tape-recorded (Teac X-300). During testing, the prerecorded stimuli were amplified and played back from the same tape recorder over the loudspeakers; most of their energy was below 3000 Hz. The sounds were presented at a level of 50-52 dBA over a background level of 28 dBA, measured at the approximate position of the subject's head.
The time sequence for a trial for each of the three stimulus conditions is shown in Figure 2 . In lead-and lagdiscrimination trials, the two bursts were selected independently for each trial from a long segment of the noise. There was a 4-ms delay between the first and second stimuli, resulting in a 2-ms overlap between them.
In no-standard conditions [ Fig. 2(a) MAAs were obtained for single-burst, lead, and lag discrimination. These conditions were randomly permuted separately for each subject. Subjects NAM, DDM, and JPR were tested on three such permutations, subject HAM on two blocks. Testing time was 10 to 15 h per listener, including 2 h of practice.
E. Adaptive method
We used an eclectic psychophysical method to estimate thresholds: The decision to change level (i.e., move the left and right loudspeakers) was based on a staircase, the new level was chosen with modified PEST rules, and our threshold estimates used a maximum-likelihood method.
The staircase procedure was the classic 2-down, l-up method of Levitt (1971) Maximum-likelihood is often the best approach for threshold estimation, and has long been used in combination with PEST (Hall, 1981) . In our particular application, the method had a special advantage. For conditions in which the threshold was either very low or very high, we were sometimes unable to obtain complete psychometric functions. The apparatus did not allow us to present angles larger than 55 ø, and we did not attempt to present angles smaller than 0.5 ø . Thus an upward reversal sometimes occurred too soon at small angles, and a downward reversal too soon at large angles. Averaging reversals, a common data-reduction method for staircase procedures, would therefore have overestimated low thresholds and underestimated high ones. Maximam-likelihood estimation takes as its input the numbers of correct and incorrect responses at each angle, and is, to a first approximation, unaffected by the particular stimuli presented.
II. RESULTS
Estimates of the MAA for all subjects and conditions are given in Table I , and the means across subjects are plotted in Fig. 3 . The reliability of differences among the various conditions was evaluated with two separate ANOVAs on individual means. The major analysis was 3-way [standard (presence, abscnce)Xazimuth (0 ø, 50ø)Xstimulus type (singleburst, lead-discrimination, lag-discrimination)I; a secondary 2-way analysis [azimuth (0 ø, 25 ø, 50ø)žstimulus type] included the standard-present conditions only.
Stimulus type: As is obvious in Fig. 3 , thresholds in lag discrimination were higher than those in single-burst and 
Effects of stimulus type and azimuth
Our single-burst thresholds of 1.5 ø to 2.7 ø are consistent with those reported by other investigators (Gardner, 1968; Mills, 1958) , although values less than 1 ø have also been reported (Litovsky, 1994; Perrott et al., 1989; Hartmann and Rakerd, 1989) . Elevated thresholds at 50 ø have been previously reported for clicks (Hafter et al., 1988, 1991) tone pips (Mills, 1958) , and pure tones (Chandler et al., 1993) . Overall, data from this and other experiments suggest that thresholds are lower for clicks than for pure tones. This difference may result from the more abrupt onsets of noise and click stimuli: Our bursts had rise-fall times of 2 ms, whereas Mills' stimuli required 70 ms and those of Chandler et al. precedence effect: The presence of an echo that carries no valuable localization information does not impair performance, and it is more difficult to make a decision on the basis of the echo than on the basis of the leading wavefront.
Perrott etal. (1989) also found that lag-discrimination
MAAs were higher than those for single bursts, but their thresholds were lower than ours, typically only 2 ø to 4 ø . To our knowledge, no one has previously reporled leaddiscrimination data.
Finally, azimuth made little difference in single-burst or lead discrimination, whereas it affected lag discrimination heavily. Listeners reported anecdotally that in lag discrimination the fused sound was perceptually "pulled" toward the location of the lagging burst. It is possible that at increased distance from midline the pulling effect is diminished and thresholds therefore increase. Under conditions of the precedence effect, the leading and lagging bursts are perceived as one fused sound whose location is a weighted average of the positions of the two components; the weight given to the leading burst is denoted c, the weight of the lagging one 1-c. The middle panel of One important aspect of our listeners' intuitions is not captured by the model. As many writers (e.g., Blauert, 1983; Lindemann, 1986; Yost and Soderquist, 1984) have noted, precedence-effect sounds are perceptually larger or more diffuse than single-burst sounds. We considered the possibility that this diffuseness might be captured, in the model, by increased variance of the distributions in precedence conditions. If the perceptual variance in the lead-and lagdiscrimination conditions were greater than in the singleburst case, then the estimates of c obtained from Eq. (2a) and (2b) would be systematically smaller than those obtained from Eq. (2c). It is evident from Table II that no such difference was observed. One interpretation of this nonfinding is that the model variance represents trial-to-trial variability in location, not spatial extent within a trial.
IV. CONCLUSION
In conclusion, the model (with equal variances) serves to unify the results from our various stimulus conditions. Performance in lead discrimination is almost, but not quite, as good as that with single bursts. The discrepancy, which must be due to the presence of the lag, can in fact be used to predict lag discrimination, using the assumption that the lag has a pulling effect. The amount of pulling does not depend on the experimental task (which would invalidate the model), but does depend on azimuth, and doubtless on many other stimulus factors.
